]i from 0.1 to 0.3, 0.6, and 1.0 M increased I Na.L in a concentration-dependent manner from 0.221 Ϯ 0.038 to 0.554 Ϯ 0.045 pA/pF (n ϭ 10, P Ͻ 0.01) and was associated with an increase in mean Na ϩ channel open probability and prolongation of channel mean open-time (n ϭ 7, P Ͻ 0.01). In the presence of 0.6 M [Ca 2ϩ ]i, KN-93 (10 M) and bisindolylmaleimide (BIM, 2 M) decreased I Na.L by 45.2 and 54.8%, respectively. The effects of KN-93 and autocamtide-2-related inhibitory peptide II (2 M) were not different. A combination of overload, is a pathological occurrence in the heart and is reported to be related to ischemia, hypoxia, oxidative stress, cardiac hypertrophy, heart failure, and elevated catecholamine levels (7, 11, 28, 35, 49) . Intracellular Ca 2ϩ overload results in cardiac mechanical and electrical dysfunction (44). Many pathological conditions that lead to intracellular Ca 2ϩ overload in ventricular myocytes are also associated with an increase in the late or persistent sodium current (I Na.L ) (1, 17, 18, 21, 23, 24, 26, 40 -42, 47, 48, 53). I Na.L is created when inactivation-resistant sodium channels continue to open for long periods during the action potential plateau. Maltsev et al. (25) reported that an increase in the level of [Ca 2ϩ ] i from baseline to 1 M increased the amplitude of I Na.L in dog ventricular myocytes via a mechanism involving activation of Ca 2ϩ -calmodulin-dependent protein kinase II (CaMKII). Elevated [Ca 2ϩ ] i is also reported to activate protein kinase C (PKC) and mitogen-activated protein kinase (MAPK) (31, 39, 52), and the PKC activation is associated with an increase in I Na.L (3, 4, 10, 14, 27, 29, 48, 50, 51 ).
overload, is a pathological occurrence in the heart and is reported to be related to ischemia, hypoxia, oxidative stress, cardiac hypertrophy, heart failure, and elevated catecholamine levels (7, 11, 28, 35, 49) . Intracellular Ca 2ϩ overload results in cardiac mechanical and electrical dysfunction (44) . Many pathological conditions that lead to intracellular Ca 2ϩ overload in ventricular myocytes are also associated with an increase in the late or persistent sodium current (I Na.L ) (1, 17, 18, 21, 23, 24, 26, 40 -42, 47, 48, 53) . I Na.L is created when inactivation-resistant sodium channels continue to open for long periods during the action potential plateau. Maltsev et al. (25) reported that an increase in the level of [Ca 2ϩ ] i from baseline to 1 M increased the amplitude of I Na.L in dog ventricular myocytes via a mechanism involving activation of Ca 2ϩ -calmodulin-dependent protein kinase II (CaMKII). Elevated [Ca 2ϩ ] i is also reported to activate protein kinase C (PKC) and mitogen-activated protein kinase (MAPK) (31, 39, 52) , and the PKC activation is associated with an increase in I Na.L (3, 4, 10, 14, 27, 29, 48, 50, 51) .
An increase in the amplitude of I Na.L may prolong action potential duration, increase the transmural dispersion of repolarization, and cause cardiac arrhythmias (2) . An increase in I Na.L also raises the intracellular sodium concentration and subsequently increases [Ca 2ϩ ] i via the reverse mode of the Na ϩ -Ca 2ϩ exchanger to cause further Ca 2ϩ influx (18, 20) . Reduction of the extracellular Na ϩ concentration or inhibition of I Na.L was shown to attenuate the increase in [Ca 2ϩ ] i (8, 12, 15, 22, 32, 36, 37, 43) . Inhibition of I Na.L is therefore a potential therapeutic target for the treatment of cardiac arrhythmias and myocardial dysfunction associated with intracellular Ca 2ϩ overload (5, 6, 16, 33, 34, 45, 46) . In this study we tested the hypothesis that both CaMKII and PKC mediate the augmentation of I Na.L in the presence of an increased [Ca 2ϩ ] i . Using rabbit ventricular myocytes, we measured whole cell Na ϩ current and single Na ϩ channel activities, the latter with a novel open cell-attached patch technique. I Na.L and single Na ϩ channel activities were investigated under conditions mimicking the physiological and pathological conditions of normal and increased [Ca 2ϩ ] i . In cells with increased [Ca 2ϩ ] i , agents that modulate the functions of CaMKII, PKC, and MAPK were used to determine the relative contributions of these signaling pathways to the increase of I Na.L .
gradely using a Langendorff apparatus with Ca 2ϩ -free Tyrode solution for 5 min followed with an enzyme-containing solution (0.1 g/l collagenase type I, 0.01 g/l protease E, and 0.5 g/l bovine serum albumin) for 40 -50 min. The perfusate was then switched to modified Kraftbrühe (KB) solution for 5 min. All solutions were bubbled with 100% O 2 and maintained at a temperature of 37°C. The left ventricle was cut into small chunks and gently agitated in KB solution. The cells were filtered through nylon mesh and stored in KB solution at 4°C.
Solutions. For cell isolation, the regular Tyrode solution contained (in mM): 135 NaCl, 5. Open cell-attached patch-clamp recordings. Cells were transferred into a recording chamber that was mounted on the stage of an inverted microscope. The recording chamber was perfused with modified Tyrode solution. Viable, Ca 2ϩ -tolerant, rod-shaped ventricular myocytes were selected for two-step patching (Fig. 1A) . A high-resistance seal to the surface of the plasma membrane through a pipette with a resistance of 1-1.2 M⍀ was achieved (Fig. 1B ). The bath solution was then switched to high-potassium solution containing 0.1 M free Ca 2ϩ . Next, the membrane patch attached to the electrode was excised, and a piece of membrane was removed by lifting the pipette to create an open hole in the membrane (Fig. 1C, arrow) , to allow dialysis of the cell with the bath solution. The [Ca 2ϩ ]i of the cell was manipulated by changing the free Ca 2ϩ concentration of the bath solution. Using a second pipette with a resistance of 6 -10 M⍀, we performed a conventional cell-attached patch-clamp to record currents from a different part of the same cell (Fig. 1D) . About 30 -40% of cells were maintained in a good condition suitable for further experimentation after completion of these procedures. To validate the model of open cell-attached patch-clamp recording, the change in the intracellular [Ca 2ϩ ] in response to a change in bath [Ca 2ϩ ] was determined after the "open cell" configuration was achieved in cells loaded with fura-2/AM. A dual-excitation fluorescence photomultiplier system (IonOptix, Milton, MA) was used to record fluorescent signals. After the bath [Ca 2ϩ ] was increased from 0.1 to 0.6 M the ratio of fluorescence emission during excitation at wavelengths of 340 and 380 nm increased from 1.14 Ϯ 0.12 to 1.44 Ϯ 0.07 (n ϭ 6, P Ͻ 0.01, Fig. 1E ]. Current recordings. Patch electrodes were pulled with a two-stage puller (PP-830; Narishige Group, Tokyo, Japan). For whole cell recordings, the electrode resistances were kept in a range of 1.5-2 M⍀ when filled with pipette solution. For single-channel recordings, the shanks of pipettes with resistance of 6 -10 M⍀ were coated with Sylgard and the tips were heat polished. All experiments were conducted at room temperature (22-25°C). Capacitance and series resistances were adjusted to obtain minimal contribution of the capacitive transients. A 60 -80% compensation of the series resistance was usually achieved without ringing. Currents were amplified [EPC-9; HEKA Electronic, Lambrecht (Pfalz), Germany], filtered at 2 kHz, digitized at 10 kHz, and stored on a computer hard disk for further analysis. Whole cell currents were elicited by a 300-ms depolarizing pulse from a holding potential of Ϫ120 to Ϫ30 mV at a frequency of 0.2 Hz in rabbit ventricular myocytes. The amplitude of I Na.L was measured at 200 ms after a depolarizing pulse to eliminate the effect of transient sodium current. Current density was calculated by dividing the amplitude by the cell capacitance.
Single channel currents were activated by a 700 ms voltage pulse from Ϫ120 to Ϫ50 mV at 0.2 Hz. The current at Ն50 ms after the depolarizing pulse was used to calculate late Na ϩ channel activity. Capacitance transients and leakage currents were nullified by off-line subtracting fits of average blank traces.
Openings of Na ϩ channels were detected using half-amplitude threshold analysis. Each corrected trace was carefully checked before further analysis. Open probability of a Na ϩ channel was calculated from a total open-time of 50 sweeps divided by the total sweep duration. Histograms of channel open-time distribution were fitted to single exponentials using TACFit.
Chemicals. Collagenase type I was obtained from Gibco (GIBCO TM, Invitrogen, Paisley, UK). Bovine serum albumin and taurine were purchased from Roche (Basel, Switzerland). Protease E, 4-AP, TEA-Cl, CsCl, CsOH, Na 2ATP, EGTA, tetrodotoxin (TTX), KN-93, KN-92, bisindolylmaleimide VI (BIM), Gö-6976, phorbol 12-myristate 13-acetate (PMA), and 1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio] butadiene (U0126) were purchased from Sigma Chemical (St. Louis, MO). Autocamtide-2-related inhibitory peptide II (cellpermeable, AIP) and fura-2/AM were purchased from Calbiochem (Darmstadt, Germany) and Tocris (Ellisville, MO), respectively.
Data analysis. Results from whole cell recordings and single channel recordings were analyzed using PulseFit (V8.74, HEKA) and TACϩTACFit (X4.09; Bruxton, Seattle, WA), respectively. Figures were plotted using Origin software (V7.0; OriginLab, Northampton, MA). Statistical significance of difference was determined using one-way ANOVA followed by Tukey multiple comparison test or Student's paired t-test. All values are expressed as means Ϯ SD. A value of P Ͻ 0.05 was considered to indicate statistical significance.
RESULTS

Elevation of [Ca 2ϩ
] i increased I Na.L and Na ϩ channel activity in a concentration-dependent manner in rabbit ventricular myocytes. In whole cell experiments, the amplitude of I Na.L was low and stable when cells were patched with a pipette containing 0.1 M [Ca 2ϩ ]. I Na.L was 0.216 Ϯ 0.031 pA/pF at 1 min and 0.221 Ϯ 0.038 pA/pF at 10 min (n ϭ 10, P Ͼ 0.05, Fig. 2 ) after the membrane was ruptured and whole cell patch mode was achieved. However, when [Ca 2ϩ ] in the patch pipette was either 0.6 or 1.0 M, I Na.L increased following ] i -enhanced I Na.L was investigated to determine whether the activation of MAPK plays a role to mediate an increase in I Na.L . In whole cell recordings, the current density of I Na.L at 0.6 M [Ca 2ϩ ] i was 0.457 Ϯ 0.038 and 0.458 Ϯ 0.035 pA/pF before and after, respectively, U0126 ] i , the PKC activator PMA (2 M) increased the current density of I Na.L from 0.201 Ϯ 0.026 to 0.394 Ϯ 0.029 pA/pF (n ϭ 10, P Ͻ 0.01). In the continued presence of 2 M PMA, the PKC inhibitor Gö-6976 (2 M) nearly completely reduced the PMAinduced increase of I Na.L to 0.213 Ϯ 0.032 pA/pF (n ϭ 10, P Ͻ 0.01 vs. PMA alone but Ͼ 0.05 vs. control, Fig. 8) .
In cell-attached recordings, PMA (2 M) increased the mean open probability and mean open-time from 0.0065 Ϯ 0.0004 and 0.636 Ϯ 0.009 ms to 0.0406 Ϯ 0.0050 and 1.258 Ϯ 0.044 ms (n ϭ 8, P Ͻ 0.01 vs. control), which was decreased by 2 M Gö-6976 to 0.0067 Ϯ 0.0005 and 0.643 Ϯ 0.009 ms, respectively, in the continued presence of 2 M PMA (n ϭ 8, P Ͻ 0.01 vs. PMA alone but Ͼ 0.05 vs. control, Figs. 4C and 9) , respectively.
DISCUSSION
In this study, two methods were used to investigate the effects of increased [Ca 2ϩ ] i on Na ϩ channel current in rabbit isolated ventricular myocytes: dialysis of cells using a patch ] i to augment I Na.L ; 3) the PKC activator PMA also increased I Na.L , and this effect was abolished by the PKC inhibitor Gö-6976; and 4) the MAPK inhibitor U0126 had no effect on the [Ca 2ϩ ] i -induced increase in I Na.L . In normal cardiomyocytes, the cytosolic [Ca 2ϩ ] is 0.1-0.15 M in the resting state, and 0.1-10 M during contraction (38) . In pathological conditions such as myocardial ischemia and heart failure, the baseline [Ca 2ϩ ] i during diastole may be increased to cause intracellular Ca 2ϩ overload (7, 11, 28, 35, 49) . Maltsev and colleagues (25) reported that [Ca 2ϩ ] i at concentration of 1.0 M increased the amplitude of I Na.L in ventricular myocytes isolated from normal and failure dog hearts. In this study, we confirmed that the elevated (0. ] i , without the limitations (e.g., membrane-impermeable ions or drugs cannot diffuse into cells) associated with the conventional cell-attached patch-clamp technique. Nystatin-perforated membrane channels and mechanical compression have been used by investigators to achieve open cell-attached patches (13, 19) . However, nystatin may perforate all intracellular membranes, including the membranes of mitochondria and other intracellular organelles whose function depends on ion gradients. In addition, the nystatin pore is relatively selective for monovalent ions (9, 30) but is less permeable to Ca 2ϩ . The mechanical compression technique (19) is reported to cause severe damage to the cell that often leads to cell death. In this study an opening in the cell membrane was formed by excising a membrane patch attached to an electrode after obtaining a high resistance seal in a bathing medium with 140 mM K ϩ . The success rate with this technique was ϳ30 -40% in our laboratory. The advantage of the technique is that it allows Ca 2ϩ ions to enter and leave the cell freely, and in this study, results obtained with this method both confirmed and extended results obtained with the conventional whole-cell patch clamp technique.
The CaMKII inhibitor KN-93 (10 M) was reported to block the effects of 1 M [Ca 2ϩ ] i to accelerate the decay of I Na.L but significantly reduced I Na.L density in ventricular myocytes isolated from failing but not from normal dog hearts (25) . Our results extend the results of findings of Maltsev et al. (25) ] i -induced increase in I Na.L was mediated by CaMKII and PKC in an additive fashion, either KN-93 or BIM or a combination of the two was tested ] i , PMA increased the amplitude of I Na.L , and this increase in I Na.L was completely reversed by another PKC inhibitor Gö-6976. Furthermore, in cells with elevated [Ca 2ϩ ] i , PKC inhibitor could partially reverse the increase in I Na.L . These result supports our hypothesis that PKC mediates the effect of elevated [Ca 2ϩ ] i to increase I Na.L . PKC activation has previously been shown to increase I Na.L in rat ventricular myocytes (29, 48, 50) . In contrast, the MAPK inhibitor U0126 had no effect on the I Na.L induced by elevated levels of 
